[1] The ecological integrity of riverine ecosystems is dependent upon the natural flow regime of the river system. Maintaining natural variability in the flow regime is critical for conserving the structure and function of riverine ecosystems. This research seeks to determine relations between natural variability in the flow regime and basin scale. A distributed hydrologic model was used to characterize the natural flow regime of basins from first to fifth order within tributaries of the Batchawana River in the Algoma Highlands of central Ontario using the range of variability approach (RVA). A 30-year simulated flow record was used to calculate natural variability in the flow regime, defined by the S80 [(90th percentile -10th percentile)/median]. Flow variability under wetter conditions was similar across all basins, regardless of scale. Conversely, flow variability under drier conditions was scale-dependent, with smaller basins (<600 ha) showing a large range in variability and larger basins (>600 ha) showing a smaller range in variability that converged toward a constant with increasing area. The effect of basin area on flow variability suggested the existence of a representative elementary area (REA). Within the REA, morphometric sources of natural variability were determined through multivariate regression analyses. A combination of indices describing the near-stream riparian area within a basin, median basin residence time, and basin curvature was significantly related to flow variability under drier conditions. These findings present a potential management template for establishing reference conditions against which impacts of disturbance on flows throughout a regional drainage basin may be measured.
Introduction
[2] The flow regime of a river is of primary importance in determining the structure and function of aquatic and riparian ecosystems [Gorman and Karr, 1978; Poff and Ward, 1990; Poff et al., 1997] . Increasingly, human activities have altered basin hydrologic processes that, in turn, drive the flow regime [O'Loughlin, 1981; Ligon et al., 1995] . However, the manner in which the hydrologic impacts of these alterations vary with basin scale is poorly understood. In order that impacts measured at a particular scale be transferable throughout a basin, it is necessary to understand the manner in which the natural variability in the hydrologic system varies with scale. This paper seeks to explore relations between the natural variability of the flow regime among basins of varying scale and morphometry, as a baseline against which impacts of resource management activities can be measured.
[3] Basin management activities are not restricted to a particular spatial scale. It is likely that subbasins of differing position within a regional basin would experience different degrees of disturbance and/or different hydrological effects from a disturbance resulting from changes in land cover and/or land use. Consequently, an assessment of the range of natural variability across a range of scales is required. The required length (>20 years [Richter et al., 1997] ) of discharge data to establish values for the range of natural variability, however, can be problematic. Where long-term discharge data exist, they are usually limited to measurements taken at the outlet of large watersheds. Therefore it is often necessary to estimate discharge data at subbasins within the regional watershed. If flow characteristics do not vary with basin area (i.e., if flow characteristics are scale-independent), then measurements taken at the mouth of the river can be used to assess the range of natural variability throughout the basin. However, if flow characteristics do vary with basin area (i.e., if flow characteristics are scale-dependent), then it would be inappropriate to use measurements taken from the outlet of the basin for use as a baseline against which to measure impacts of management activities within subbasins of varying size. An understanding of the controls on the natural variability of the flow regime is needed to gain insight as to which flow characteristics can be used at different scales.
[4] Basin morphometry is an important control on processes that lead to flow generation. Relations between basin morphometry and flow response have been extensively studied [e.g., Gregory and Walling, 1973; Murphey et al., 1977 , Harlin, 1984 Moussa, 2003; Lindsay et al., 2004] ; however, the effects of basin morphometry on the natural variability of the flow response have not been subject to extensive investigation. Basin controls on the natural variability of the flow regime include factors that affect the formation of source areas for runoff production and the efficiency of water transport through the stream network [McMahon et al., 1992] . Within a given biogeoclimatic region, hillslope and riparian properties are primary influences on source area dynamics in small basins [Western et al., 1999] . Riparian areas have been found to be primary contributors of runoff to the stream during low-flow conditions [McGlynn and McDonnell, 2003] . Channel network structure plays an increasingly important role in larger basins [Robinson et al., 1995] .
[5] Many issues related to the scaling of hydrologic processes from individual hillslopes to intermediate and regional basins remain unresolved in hydrology [McGlynn et al., 2004] . However, the scaling of processes that control runoff generation, and in turn streamflow dynamics, has been investigated in numerous studies [e.g., Wood et al., 1988; Robinson et al., 1995; Wolock et al., 1997; McGlynn et al., 2004; Shaman et al., 2004] . These studies have produced concepts, such as the representative elementary area (REA), which point to the existence of self-similarity in basin response above a critical threshold in basin area. Though the REA has been criticized as being basin-specific due to climatic, topographic, and soil factors [Fan and Bras, 1995] , several studies have determined that self-similarities in hydrologic response do indeed exist beyond a threshold in basin area. REAs have been found to exist for field-based measurements of stormflow [Woods and Sivapalan, 1995] and base flow [Shaman et al., 2004 ] as well as model-based estimates of infiltration depths and runoff [Wood et al., 1988 [Wood et al., , 1990 .
[6] For reasons of time and the cost of instrumentation, little empirical research has been done to compare streamflow processes, and in particular streamflow variability, among a large number of basins at scales ranging from headwater basins to medium-scale (100 -1000 km 2 ) or large-scale (>1000 km 2 ) basins. In the absence of empirical research, physically based hydrologic models have been advocated as a tool to relate hydrologic processes across different scales [Beven, 1985; Sivapalan, 1993; Viney and Sivapalan, 2004] .
[7] In this study we use a physically based distributed simulation model (DSM) in order to simulate flows for 87 basins of varying size (from 7 to 23,620 ha) within a similar biogeoclimatic region. The goal is to use the DSM to characterize and explain the natural variability in the flow regime at different scales within a regional basin. Simulated data are used to characterize the flow regime using flow characteristics prescribed by Richter et al. [1996] that are ecologically relevant [Richter et al., 1997; Arthington, 1998 ]. The objectives are twofold. The first objective is to establish the natural variability of flow characteristics that exists among subbasins. In establishing the natural variability, three questions are posed: (1) Is there a predictive relationship between flow variability and basin scale? (2) Is the relation between flow variability and basin scale consistent for all flow characteristics? (3) Are thresholds evident in basin area (i.e., REAs) after which flow variability becomes self-similar? The second objective is to identify basin morphometrics that relate to the variability of flow characteristics among subbasins by answering two questions: (1) Can basin morphometrics be used to predict the variability of flow characteristics within a biogeoclimatically similar region? (2) At what basin scales do basin morphometrics influence the variability of flow characteristics?
Study Area
[8] The Batchawana River Watershed (BRW), which drains into Batchawana Bay on the eastern shore of Lake Superior, is approximately 1280 km 2 and is located in central Ontario, Canada (Figure 1) . It is in a transition zone between the Great Lakes -St. Lawrence Forest to the south and the Boreal Forest to the north. Three distinct vegetation zones exist within the BRW. The southwestern portion of the basin is dominated by tolerant hardwoods, consisting primarily of sugar maple (Acer saccharum Marsh.) with smaller stands of yellow birch (Betula alleghaniensis Britt.) and poplar (Populus tremuloides Michx.). Toward the center of the basin a transitional forest combines tolerant hardwood and coniferous species, including white pine (Pinus strobes L.), red pine (Pinus resinosal Ait.), and jack pine (Pinus banksiana Lamb.). Boreal forest occupies the northeastern portion of the basin, which is dominated by the above mentioned coniferous species. Smaller stands of Black spruce (Picea mariana (Mill.) B.S.P.) are present in lowland areas throughout the basin (Figure 1 ).
[9] Surficial geology is primarily bedrock, with some areas of glaciofluvial outwash [Ontario Geological Survey, 2003] . Total basin relief in the BRW is around 470 m, ranging from 183 m at the outlet to 651 m at the summit of Batchawana Mountain. Among the chosen study basins, the average relief is 156 m ranging from a minimum of around 33 m in one of the smaller, first-order basins to a maximum of just over 400 m in a fourth-order watershed in which a portion of Batchawana Mountain is contained.
[10] Climate in the BRW is continental, with precipitation being influenced by the lake effect caused by Lake Superior to the west of the basin, and local orographic effects in areas of high relief. Mean annual precipitation for the Montreal Falls meteorological station (Figure 1 ) for 1977 -2000 was 1230 mm, ranging from 763 to 1554 mm in any given year. Average annual minimum air temperature was À3.0°C, while average annual maximum temperature was +10.7°C. The frost-free period normally extends from May to September.
[11] On the basis of hydrologic records from the Water Survey of Canada (WSC) gauging station, peak discharges usually occur in either the spring (April -May) or late fall (October -November) in response to snowmelt or stormfall, respectively. The Batchawana River is a sixth-order river [after Strahler, 1952] by the time it enters Batchawana Bay. For this river, the continental climate and relatively shallow soils underlain by impervious Precambrian bedrock produce a relatively high mean annual runoff ratio (1977 -2000) of 51 percent, ranging from 38 to 68 percent in any given year. As this study examines morphometric and scaling relations with flow variability, 87 basins were selected from the relatively undisturbed, homogeneous hardwood forest cover in the western half of the BRW (Figure 1 ), ranging from first to fifth order and from 7 to 23,620 ha.
Methods
[12] In order to generate and manipulate the flow characteristics that form the basis of this study, several steps were necessary: (1) develop, calibrate, and corroborate a DSM for the Batchawana River Watershed; (2) use the DSM to simulate flows for basins ranging from first to fifth order within the regional sixth order watershed; (3) calculate the natural variability of flow regime characteristics from the simulated flows; and (4) identify and quantify sources of natural variability of the flow regime characteristics.
Simulation of Flow Characteristics
[13] The Regional Hydro-Ecological Simulation System (RHESSys, version 5.9.5) was used to model the flow regime. RHESSys is structured as a spatially nested hierarchical representation of the landscape, in which different hydrologic, climatological, and ecological processes are partitioned [Tague and Band, 2004] . At the base of the hierarchy is the drainage network. Within the drainage network, levels in the hierarchy range from climate zones (representing orographic effects on precipitation), hillslopes (representing horizontal water, carbon, and nitrogen transfers), and patches (representing vertical water, carbon, and nitrogen cycling). Patches (the finest scale of the spatial hierarchy) are formed by the intersection of each coarser level of the hierarchy and other attributes of the watershed, and are homogeneous units in terms of climate, hillslope, topography, soils, riparian areas, land cover, and land use.
[14] Hydrology in RHESSys can be modeled using either of two distributed models. TOPMODEL [Beven and Kirkby, 1979 ] is a ''quasi'' distributed hydrologic model that distributes soil water according to the statistical distribution of the topographically defined soil wetness index of the patches. An adapted version of DHVSM [Wigmosta et al., 1994] is a distributed hydrologic model where saturated subsurface through flow and overland flow are explicitly routed between or among contiguous patches. In this study, the lateral redistribution of water between patches was computed using the explicit routing approach of Wigmosta et al. [1994] . This approach represents both shallow subsurface lateral flow as well as saturated overland flow associated with the expansion and contraction of saturated source areas. Macropore flow was not explicitly modeled. Rather, the model included the application of multipliers on terms related to soil transmissivity that create effective parameters that include the effects of macropore flow. Lateral connectivity between patches varies with saturation deficit, local topographic slope, and hydraulic parameters. A threshold saturation deficit based on hydrologic soil depth was defined such that no lateral flux occurs once the saturation deficit is greater than this threshold value. Thus, in dry conditions, upland areas may become hydrologically disconnected from riparian zones. For a comprehensive description of the parameters and processes at each level of the RHESSys hierarchy, see Tague and Band [2004] .
Model Development
[15] Spatial data were derived using digital terrain analysis of a 20-m resolution digital elevation model (DEM) created from 10-m contours based on the Ontario Base Maps (OBM) series mapped at a scale of 1:20,000, or mapped from vector coverages onto a 20-m Â 20-m digital grid. The DEM was created using ANUDEM (version 4.6.3) and was hydrologically conditioned using the blue-line stream network from the OBM. Digital terrain analyses were performed to calculate slope and aspect [Zevenbergen and Thorne, 1987] , specific contributing area (SCA) [Band, 1986] , and wetness index (WI) [Beven and Kirkby, 1979] . The stream network and hillslopes were created using a minimum threshold of the SCA. Numerous minimum thresholds were tested by comparing the resultant network against the OBM stream network that depicts hydrography interpreted from 1:20,000 to 1:50,000 aerial photography. The selected stream network had a drainage density of 2.33 km km À2 , slightly higher than the OBM network value of 1.60 km km
À2
. However, Coffman et al. [1972] observed that stream networks interpreted from aerial photographs may miss a significant number of first-and second-order streams due to closed canopy conditions. Subsequent ground inspection of the BRW confirmed the existence of many first-order streams that were depicted on the stream network but were not depicted on the OBMs.
[16] A digital map of vegetation was adapted from classifications of the Forest Resource Inventory (FRI) conducted by the Ontario Ministry of Natural Resources (OMNR) in 1995 and originally mapped at a scale of 1:20,000. Vegetation classes were amalgamated to included conifer, hardwood, poplar, and black spruce. Poplar and black spruce were classed separately from hardwood and conifer, respectively, because their physiologies were likely to have had significant effects on the water balance [White et al., 2000] . Canopy Leaf Area Index (LAI) was derived from LANDSAT Thematic Mapper data using the methods of Nemani et al. [1993] . Soil attributes were derived from Forest Landscape Productivity Survey (FLaPS) maps produced by the OMNR at a scale of 1:50,000. Soil texture classes with their associated hydraulic conductivities are listed in Table 1 . More detailed descriptions of the physiological parameters for the vegetation classes and properties of the soil classes are provided by Sanford [2005] . 3.1.1.1. Calibration
[17] RHESSys was calibrated based on discharge data for the BRW using the Water Survey of Canada gauging station at the watershed outlet. Observed and simulated data were compared for the water years (defined as 1 June to 31 May) 1979, 1988, and 1989 , as they represented a dry, wet, and mesic year, respectively. Climatic inputs for the BRW, including daily precipitation and maximum and minimum temperatures, were derived by interpolating daily climate values from meteorological stations including Montreal Falls (47°16'N, 84°25'W), Turkey Lakes (47°2', 84°22'W), Sault Ste. Marie (46°28'N, 84°30'W), and Chapleau (47°49'N, 83°21'W) (Figure 1 ) to the center of the watershed using an inverse distance weighting method. The resulting interpolated station was therefore based heavily upon the records from Montreal Falls and Turkey Lakes Watershed, with respective percent weights of 64.64 and 29.29, while the percent weights for the SSM and Chapleau stations were only 3.03 and 3.04, respectively. Missing data from these stations were in-filled based on linear relationships with one of the three other stations for which data were present. Precipitation was distributed based on climatic zones that represented lake and orographic effects. Climate zones were calculated based on the precipitation lapse rate among meteorological stations across a gradient of elevation and distance from Lake Superior. RHESSys uses a multiplier to distribute precipitation among zones, with the zone in which the interpolated climate station is located having a multiplier of 1.00. For the BRW, five zones were created in which the multiplier ranged from 0.90 in zones of relatively low elevations and/or great distance from Lake Superior, to 1.10 for zones with relatively high elevations and/or that are very close to Lake Superior.
[18] Model calibration involved optimization of soil parameters that define soil transmissivity, including m (decay of saturated hydraulic conductivity with depth [dimensionless]) and K (saturated hydraulic conductivity [m/d]). Simulated and observed flow data that were filtered with a 3-day moving average were used to compensate for the lack of precision in modeling the timing of rainfall within a particular day. Three statistical tests were used to evaluate model calibration: (1) a linear regression analysis to establish the relation between daily observed and expected discharge; (2) a peak flow error term to establish the mean square error around peak flows where 0 represents no error and 1 represents complete error [Tague, 1999] , and (3) a Nash-Sutcliffe efficiency index (E!) to establish the degree of agreement between the daily observed and simulated discharge where 0 represents no agreement and The percent coverage of each class is based on the total area of the Batchawana River Watershed.
1 represents complete agreement [Nash and Sutcliffe, 1970] . The selected parameter set of m = 1.0 and K = 15.0 m/d produced a linear regression with an average slope of 0.71 and r 2 of 0.53; a peak error term of 0.17; and an E! of 0.47 (Table 2 ). The calibrated parameter K = 15.0 m/d is a multiplier upon the values of K sat listed in Table 1 . This coefficient allows for the accounting of uncertainty in soil hydraulic conductivity and macropores, which may significantly increase the rate at which water moves through the soil [Tague and Band, 2004] .
[19] A qualitative comparison of the observed and simulated daily specific discharge (Figure 2 ) showed that the model appeared to capture the timing and magnitude of observed flow reasonably well. There was one notable exception: The simulated peak in flow was slightly delayed and the total magnitude of flow was too large in 1988. Further investigation of the meteorological record for 1988 suggested that the model failed to represent snowpack dynamics at near-zero temperatures; rain in late winter may have been misclassified as snow, which would have caused the modeled peak discharge to occur later than the observed peak discharge during snowmelt. That the delay did not occur in the other two calibration years indicated that there was no systematic bias in the modeled data and therefore the modeled data could be used for the proposed analyses. 3.1.1.2. Corroboration
[20] Corroboration was needed to test the ability of RHESSys to simulate flow over a range of basin areas. Corroboration tests were performed on flow magnitudes by comparing 3-day average simulated flows with daily observed flow for the water years 1981 to 1996 from gauges on eight subbasins within the Norberg Creek Watershed (NCW), a subbasin within the designated study area of the BRW (Figure 1 ) that contained five first-order basins (c33, c34, c37, c46, c49), two second-order basins (s2, s3), and the NCW, a third-order basin (Figure 3 ). Climatic data for these subbasins were obtained from the TLW meteorological station. All other model inputs and methods were the same as those outlined for the model calibration.
[21] Corroboration statistics (Table 3) for flow magnitude showed that the model performed well over the range of basin scales of interest in this study, with similar r 2 and peak error values and considerably higher E! values compared with the calibration statistics. For example, c34, a first-order subbasin (72.12 ha), had an average (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) water years) slope of 0.83 and an r 2 of 0.50. The average peak error term was 0.24. The average E! was 0.72, ranging from 0.55 in 1996 to 0.83 in 1986. At the scale of the NCW, which is roughly 15 times the size of c34 and includes numerous lakes, results were similar, with an average slope Statistics include the r 2 and slope of a linear regression (based on simulated versus observed data); Nash-Sutcliffe efficiency (value À1 to 1, where 1 represents no difference between observed and simulated data); and a peak flow error term, p avg (value 0 to 1, where 0 represents no difference between observed and simulated peak flows). of 0.77 and r 2 of 0.50, an average peak error term of 0.10, ranging from 0.01 to 0.39, and an average E! of 0.65, ranging from 0.5 in 1996 to 0.79 in 1985. Although it is difficult to estimate the exact contribution of various sources of error, a major source was likely the inability of the model to capture appropriately the heterogeneity in precipitation throughout the BRW. Accepting this limitation, average E! ranging from 0.5 to 0.75 among basins that differ greatly in area and relief showed that the model was robust across a range of basin scales.
[22] Corroboration tests were also performed on indicators of flow variability. Interannual variability of simulated flow characteristics, defined using a measure of dispersion about the median termed the S80 [(90th percentile -10th percentile)/50th percentile] [Puckridge et al., 1998] (Table 4) , were compared with the S80 of observed flow characteristics using linear regressions (Table 5) . Flow characteristics were excluded from further analyses if a significant linear relation could not be found between the S80 of simulated and observed data. The corroboration statistics indicated that while flow magnitudes may have been well matched, certain aspects of flow variability were more sensitive to model error than others. Simulated flow characteristics that focused on monthly to seasonal or annual flows were captured by the model (e.g., mean seasonal flow, 30-day/90-day minimum/ maximum flow, duration of low/high pulses), but those characteristics that focused on daily flows were more prone to error (e.g., 1-day/7-day maximum flow, number of hydrologic reversals, Julian date of minimum/maximum flow). This is not surprising given the temporal resolution at which the model is run (i.e., daily, therefore not capturing the exact timing or intensity of the event).
Model Application
[23] RHESSys simulations for the 87 subbasins were performed by applying a 30-year daily climate record obtained from the Sault Ste. Marie meteorological station in a uniform fashion to all basins. This record extended over the 1968 -1997 water years. While the model was both calibrated and corroborated, it is important to emphasize that all further analyses of flow characteristics involved simulated flows based on a spatially uniform but temporally variable climate thereby enabling a focus on morphological controls of flow variability.
Measuring Variability of Flow Characteristics
[24] The flow characteristics selected for use in this study were adapted from those outlined by Richter et al. [1996] ( Table 4) . These flow characteristics, based on daily simulated streamflow, were calculated using the Indicators of Hydrologic Alteration (IHA) software created by The Nature Conservancy and represented ecologically important aspects of the flow regime including the timing, magnitude, Figure 3 . Subbasins of the Turkey Lakes Watershed (TLW). A subset of these basins was used to corroborate the distributed simulation model. frequency, duration, and rate of change of hydrologic conditions [Poff et al., 1997; Arthington, 1998 ].
[25] For each flow characteristic, interannual variability was defined using a measure of dispersion about the median termed the S80, calculated as the (90th percentile10th percentile)/50th percentile [Puckridge et al., 1998 ], that is equal to 2.56 Â coefficient of variation (CV) for a normal distribution. In other studies, the CV of annual flows (standard deviation/average) has been used to describe flow variability [e.g., Chiew and McMahon, 1993; McMahon and Finlayson, 2003; Poff and Ward, 1989] . In this study, the S80 was used as the distributions of the flow characteristics were often skewed and thus not suitable for analysis with parametric statistics. Henceforth the variability of a flow characteristic refers to the interannual temporal variability as indicated by the S80, while the range of variability or the variance of a flow characteristic refers to the spatial (interbasin) variability of the S80 of a flow characteristic.
Understanding Natural Variability in Flow Characteristics
[26] Digital terrain analyses were performed to derive morphometric indices for each of the 87 subbasins (Table 6 ). Indices were selected that were hypothesized to have potential controls on the variability of streamflow through either controls on the formation of source areas or the travel time of water in a basin.
[27] The Wetness Index (WI), derived after Beven [1986] to include soil characteristics, was calculated as ln (a/T o tan B), where a is the contributing area per unit contour length (m 2 /m), T o is the local transmissivity (soil depth Â hydraulic conductivity) when the soil is saturated (m 2 /d), and B is the local slope (deg). The a term in the WI was calculated using the d-infinity algorithm described by Tarboton [1997] . The ln (a/T o tan B) distribution for each basin was summarized by their first three sample moments (mean, variance, skewness). The use of these statistics to determine theoretical effects of topography on hydrologic behaviour was established previously by Wolock et al. [1989 Wolock et al. [ , 1990 .
[28] In order to address objective 1, to establish the natural variability of flow characteristics that exists among subbasins, the S80 of each flow characteristic was plotted against basin area. Trends in the S80 with basin area were assessed qualitatively and quantitatively. To assess the range in variability of flow characteristics, the basin with the largest area that possessed an S80 value above the 75th percentile of the S80 distribution for a specific flow characteristic was used as the threshold in basin area to classify smaller versus larger basins. F tests were performed to determine if the group of smaller basins had a significantly larger variance than the group of larger basins. Flow characteristics for which the 75th percentile threshold produced a group of larger basins consisting of 15 or less (i.e., 72 or more basins falling into the category of ''smaller'' basins) were excluded from the analysis, as the S80 of these characteristics were considered invariant across all basin scales. The selection of the 75th percentile threshold was heuristic and therefore may not work with data sets from other geographical regions. Nonetheless, it was decided that a threshold based on a heuristic quantitative analysis was preferable to a qualitative one that was based solely on visual inspection of figures plotting catchment response against basin scale [e.g., Wood et al., 1988 Wood et al., , 1990 Blöschl et al., 1995] .
[29] In order to address objective 2, to identify basin morphometrics that relate to the variability of flow characteristics among subbasins, the S80 of each flow characteristic was regressed against basin morphometrics (Table 6 ). This analysis was performed for each flow characteristic with a distinct threshold in basin area below which the range of variability was large. Separate analyses were performed for basins above and below the threshold of self-similarity.
Results

Flow Variability and Basin Scale
[30] The nature of the relation between flow characteristics and basin scale varied among the various flow characteristics. There was no simple linear or nonlinear relation between the S80 of any of the flow characteristics and basin scale. Flow characteristics that measured conditions of high flows, including the S80 mean spring flow, S80 mean autumn flow, S80 90-day maximum flow, S80 mean duration of high pulses, and the S80 rise and fall rates, showed little change in variability with basin scale (Figures 4b, 4d, 4f, 4g, 4i, 4j ). In contrast, flow characteristics that measured conditions of low flow, including the S80 mean summer flow, S80 90-day minimum flow, and S80 mean duration of low pulses, showed a scaledependent change in variability, with increased scatter among smaller basins and a convergence toward a minimum value above a threshold in basin area between about 400 and 600 ha (Figures 4c, 4e, 4h) .
[31] Quantitative analyses confirmed the observation that the S80 of low-and high-flow characteristics responded differently to basin scale (Table 7) . Considering all basins, the coefficient of variation (CV) was relatively large for those low-flow characteristics that showed a scale-dependence. For example, the CVs for the S80 mean summer flow, S80 90-day minimum flow, and S80 mean duration of low pulses were 1.00, 0.9, and 0.41, respectively. In comparison, the CVs for the S80 mean spring flow, S80 mean autumn flow, S80 90-day maximum flow, and S80 mean duration of high pulses were 0.18, 0.22, 0.2, and 0.36, respectively. That the CV for the S80 mean spring flow was the smallest was not surprising, as peak flows during this period result from the melting of the snowpack, which, from one year to the next, produced a relatively consistent mean seasonal peak. Furthermore, the CVs for the S80 mean summer flow (1.01), S80 90-day minimum flow (0.92), and S80 mean duration of low pulses (0.42) for basins below the REA were substantially larger than CVs for basins above the REA. The decrease in the range of variability beyond the identified threshold for these flow characteristics was supported by F tests which showed that basins below the threshold had a significantly larger variance than those above the threshold (Table 7) .
Morphometric Controls on Flow Variability
[32] The use of a spatially uniform climate combined with the restriction of all study basins to a similar biogeoclimatic region facilitated exploration of the effects of basin morphometrics on the variability of flow characteristics. The basin morphometric indices described in Table 6 were first subjected to a Pearson correlation analysis in order to determine their independence (Table 8) . X WI was significantly associated with the other derived wetness indices, and its strong relation (r = 0.97) with WI >75th suggested that it captured the near-stream riparian area within each basin. Therefore X WI was the wetness metric used in all predictive models.
[33] Basin morphometric indices were used as predictors of flow variability in stepwise regression analyses for flow characteristics that displayed a threshold below which the range in variability of flow was large among basins. These characteristics included the S80 of the average summer flow, the average 90-day flow, and the average duration of low pulses. Predictive models were created for basins below and above the size threshold to investigate the relative importance of basin morphometry in predicting low-flow variability between groups of basins of differing scale.
[34] X WI was the best single predictor of the range of variability in the S80 of low-flow characteristics for basins both below and above the REA.
[35] For basins below the REA, X WI explained 60% of the variance in the S80 mean summer flow, L/G explained an additional 7%, and X P curve explained an additional 3% in a forward stepwise regression model (Table 9 ). X WI was also a significant predictor of the variance in the S80 of the 90-day minimum flow explaining 36% of the variance, although inclusion of other metrics did not significantly improve predictive power. No basin metrics predicted significant portions of the variance in the S80 of the average duration of low pulses (Table 9) .
[36] For basins above the REA, X WI explained 47% of the variance in the S80 mean summer flow, and L/G explained an additional 17% of the variance in a forward stepwise regression model. X WI explained 24% of the variance in the S80 90-day minimum flow. As was the case among smaller basins, no basin metrics were significantly related to the S80 mean duration of low pulses (Table 9 ).
Discussion
[37] The natural variability in the flow regime is important in determining the ecological integrity of riverine ecosystems, and can be used as a baseline against which the hydroecological impacts of landscape disturbances may be measured [Poff et al., 1997] . The natural variability in the flow regimes was established at different scales, ranging from small first-order basins to a larger fifth-order basin within a regional watershed on the Boreal Shield in eastern Canada. Once established, basin morphometric controls on the variability of the flow regime were explored in order to determine at what scale the flow regime was most ''connected'' to basin properties.
Is the Natural Variability of Flow Characteristics
Scale-Dependent?
[38] We found that the natural variability of flow characteristics describing the flow regime was scale-dependent for flows under drier conditions (low flows), but scaleindependent for flows under wetter conditions (high flows). During wet periods, described by the mean spring and fall flows, high antecedent soil moisture led to a more homogeneous basin runoff response and, in turn, a more predictable streamflow response regardless of basin scale. Conversely, the increasing heterogeneity in soil moisture during dry periods, described by the mean annual summer flow led to a large range in variability among smaller basins, for which streamflow response from year to year is dependent upon the interaction of precipitation and runoff producing areas within each basin [Grayson et al., 1997] .
[39] The tendency for the range of variability of characteristics of low flows to be greater than that of high flows, particularly among smaller basins, has been reported in other studies [e.g., Robinson et al., 1995; Torrizo and Pitlick, 2004] . The changing nature of the pattern in the range of variability of flow characteristics with basin scale is likely a result of heterogeneity in runoff source areas and the travel times of runoff to the stream. At scales below the REA, the increase in the range of natural variability in flow characteristics may be regulated by the complex nature of hillslope processes that lead to runoff generation [Wood et al., 1990] . At scales above the REA, the decrease in the range of natural variability in flow characteristics may reflect the tendency of large basins to attenuate complex local patters that exist at smaller scales [Wood et al., 1988] . Furthermore, Robinson et al. [1995] demonstrated through numerical modeling that basin response was controlled primarily by network structure at the scale of larger basins. The similar vegetation, geologic, and climatic characteristics of the study basins provided for similar network structures, thus creating little difference in the variability of flow characteristics among larger basins.
[40] The statistic used to represent interannual variability is S80, defined as the 90th quantile minus the 10th quantile divided by the median value. While all basins were forced with the same precipitation, it is necessary to determine the interannual variability of this precipitation in order to evaluate the effect on the magnitude of the S80 values of streamflow characteristics. An analysis of the interannual variability of precipitation used in this study produced S80 values for the mean spring precipitation of 0.57, mean autumn precipitation of 0.70, and 90-day maximum precipitation of 0.43. Each of the S80 values for precipitation were within the range of a majority of the S80 values for mean spring flow, mean autumn flow, and 90-day maximum flow, particularly among basins >1000 ha (Figures 4d and 4f) . In contrast, the S80 value for the mean summer precipitation was 0.59 and 90-day minimum precipitation was 0.74. To compare with the S80 mean summer flows and S80 90-day minimum flows shown in Figures 4c and 4e , many smaller basins have S80 values in excess of those for precipitation, strengthening the argument for morphometric factors that influence source area formation at the hillslope and small basin scale as exerting controls on flow variability.
[41] The potential for thresholds in basin scale above which certain low-flow characteristics display selfsimilarity brings forth the concept of the representative elementary area (REA), originally introduced by Wood et al. [1988 Wood et al. [ , 1990 with regard to mean infiltration and runoff volumes. Fan and Bras [1995] described the REA as the threshold beyond which small-scale complexity gives way to larger-scale simplicity. The variability of low-flow char- acteristics in this study appear to possess an REA between about 400 and 600 ha (Figure 4) , falling between the REA of around 100 ha determined by Wood et al. [1988 Wood et al. [ , 1990 , and the 800 to 2100 ha threshold for self-similarity determined for low-flow runoff from 11 subbasins of the Neversink River watershed in the Catskill Mountains of New York [Shaman et al., 2004] . Although the Neversink River watershed contains greater relief than the BRW, both basins are similar in their climate and vegetation. This difference, particularly with regard to the study of Shaman et al. [2004] , may simply be one of sample size. The greater resolution afforded by the larger number of basins (87) examined in this study relative to that of Shaman et al. [2004] may account for the differences in REA thresholds.
[42] Blöschl et al. [1995] note that the existence and/or size of the REA is specific to both a certain catchment and a particular application. This is an important distinction, as it puts limits on the utility of the REAs discovered in this study. In the absence of further research, these findings cannot be extrapolated to regions that differ significantly in climate, physiography, vegetation, or soil composition. It should be reiterated that the design of this study included the uniform application of precipitation for all basins within a similar biogeoclimatic region. Therefore the range of variability among larger basins would increase if compared across different biogeoclimatic zones.
Is Basin Morphometry a Source of Flow Variability?
[43] For flow characteristics that measure wetter conditions, homogeneous basin behavior leads to relatively low interannual variability, and thus reduces the potential influence of basin morphology on runoff generation. The greater range of natural variability of low flows, particularly among smaller basins, can be attributed to the temporal variability of source areas, a concept first introduced for small humid basins by Dunne et al. [1975] . According to the variable source area (VSA) concept, storm runoff is produced from a ''saturated wedge'' of soil that begins near the stream and moves steadily upslope as a precipitation event proceeds. In particular, the near-stream riparian zones are important as source areas during relatively dry conditions, as it is these areas that will produce saturation overland flow and subsurface throughflow [Dunne et al., 1975] that will reach the stream.
[44] The near-stream riparian zones were estimated using the average of the ln (a/T o tan B) distribution within each basin [Wolock et al., 1989 [Wolock et al., , 1990 . During the drier periods represented by the mean summer flow and the 90-day minimum flow, basins with a greater percentage of nearstream riparian zone area (i.e., greater proportion of nearstream VSA) were more variable with regard to streamflow. In these basins for which near-stream source area formation is more likely to produce surface runoff, certain precipitation events would have produced runoff that reached the outlet, even during dry periods. Therefore such basins showed an increased interannual variability, as the contribution of runoff to streamflow varies from year to year depending upon precipitation inputs. Conversely, in basins with a low proportion of near-stream riparian area (i.e., smaller proportion of near-stream VSA), precipitation during these dry periods would rarely produce runoff that reaches the basin outlet, as streamflow is maintained primarily by base flow. As such, these basins are less variable with regard to low flows.
[45] The regression models listed in Table 9 and displayed in Figure 5 show that low-flow variability depends on the proportion of riparian area in a basin for both small and large basins. However, both mean residence time and profile curvature explain significant portions of low-flow variability in smaller basins, while mean residence time also accounts for a significant portion of the variability in the S80 of mean summer flow for larger basins. This suggests that the morphology of riparian and upslope areas is important with regard to low-flow variability, particularly in smaller basins, and is partly supported by Shaman et al. 's [2004] conclusion that variations in upland topography did not influence runoff above a basin area of around 1000 ha.
Generalizability of Results
[46] It is important that the results of this study be placed within the context of the study site and methods with which they were derived. The BRW, located on the Boreal Shield of central Ontario, is a relatively humid (precipitation [P] > potential evapotranspiration [PET] ), topographically diverse, watershed that contains shallow soils with high hydraulic conductivities (see Table 1 ). As such, subsurface throughflow and saturated overland flow are the dominant sources of runoff to the stream during wet periods, while local groundwater flow maintains streamflow during dry periods. Runoff at the hillslope level is governed by processes typical of the VSA concept [Dunne et al., 1975] , whereby storm runoff is produced from the ''saturated wedge'' of soil that begins near the stream, and steadily moves upslope as an event continues. These factors combine to create the homogeneous response of the system that is seen during wet conditions, whereby water is moved efficiently to the stream from large areas of the basin. Furthermore, the physiography of the BRW provides that the extent of the shallow near-stream water table, as approximated in this study by the mean wetness index, controls the runoff that reaches the stream during precipitation events under conditions of low antecedent moisture.
[47] In regions where the ''saturated wedge'' hypothesis is not valid, such as the areas of the western Boreal Plain where annual P < PET, or semiarid regions where Hortonian overland flow dominates, it is not reasonable to assume that the results of this study are directly transferable. For example, in regions where annual P < PET, smaller basins may show less interannual variability under drier conditions, as there would be no streamflow at all during most years, and water from individual events would go to recharge as opposed to runoff (i.e., vertical versus horizontal movement) [Devito et al., 2005] . Conversely, larger basins in which streamflow is controlled by regional groundwater systems are likely to be more variable due to the allocation of water inputs to regional recharge as opposed to local discharge.
Management Implications
[48] Watershed managers use approaches such as the RVA to quantify the effects of management practices on the flow regime of forested basins. The importance of measuring these effects in a distributed fashion has been previously identified [Richter et al., 1998 ], but little has been done toward addressing this need. The natural variability of flow regime characteristics is used as the baseline against which effects of management activities are measured. This paper shows that the necessity for spatially distributed calculations of the natural variability of the flow regime varies depending on the flow characteristics being measured. That the natural variability of high-flow characteristics is relatively constant across all basin scales allows for the use of an index of natural variability calculated at the mouth of a basin, where long-term data often exist, to be used as the reference condition for numerous subbasins of varying scale within the regional basin. It is recognized, however, that large regional basins may span significantly different climatic and vegetation zones, and thus may not be appropriate basins in which to apply the results of this study.
[49] Conversely, the REAs found with regard to the interannual variability for low-flow characteristics promote the conclusion that reference conditions for subbasins below the REA may not be obtained from calculations of natural variability at the mouth of the regional basin. Differences in factors affecting source area formation, and specifically riparian area, must be accounted for among these smaller basins in order that the large range in variability of these lowflow characteristics may be resolved. These guidelines are outlined in a generalized management template in Figure 6 . Although morphometric relations were determined for the variability of low flows among larger basins, they are not required for management purposes, as variability in these basins is self-similar up to the maximum measured basin scale.
Conclusion
[50] The natural flow regime of watersheds must be established to create a reference against which to detect effects of management practices on watersheds. A distributed hydrological model was used to generate streamflow over a 30-year time period for 87 subbasins of varying scale within a similar biogeoclimatic region of the Batchawana River Watershed in central Ontario, Canada. Ecologically relevant streamflow characteristics were derived using the range of variability approach (RVA) [Richter et al., 1997] that described the magnitude, timing, duration, frequency, and rate of change of hydrologic characteristics and the interannual variability, defined by the S80 [(90th percentile -10th percentile)/median], was calculated for each flow characteristic. The natural variability of flow characteristics measuring wetter conditions was relatively constant across all basins, regardless of basin scale, reflecting the homogeneity in the response of basins during wet conditions. In contrast, the natural variability of flow characteristics measuring drier conditions, including the mean summer flow, 90-day minimum flow, and mean duration of low pulses, was variable with a large range in variability in basins below a threshold in area of about 400-600 ha and a convergence in variability toward a constant thereafter. This threshold represented a potential representative elementary area (REA), below which the proportion of nearstream riparian area within a basin was the dominant control on flow variability. The results of this study may be used as the basis for a management template, whereby distributed measures of natural variability are only required for certain parameters characterizing low flows. Future research is Figure 6 . A conceptual management template indicating the measurement scale required to capture the natural variability of flows under wetter and drier conditions at numerous scales within a regional basin in which saturated throughflow and saturation overland flow are the primary sources of runoff to the stream. For basins <600 ha, the variability of flows under drier conditions is dependent upon the proportion of riparian area within the basin. necessary to determine if these relations remain stable across different biogeoclimatic conditions.
